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LNV Physics: Where Does it Live ? 
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BSM ?  SUSY, see-saw, BSM 
Higgs sector… 

BSM ? 
Sterile ν’s, axions, 
dark U(1)…  

Is the LNV scale (associated with mν ) far 
above MW ?  Near MW ? Well below MW ? 
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LNV Mass Scale & 0νββ-Decay 

 A(Z,N) !           ! A(Z+2, N-2) +  e- e-  Underlying 
Physics 

•  3 light neutrinos only: source of neutrino 
mass at the very high see-saw scale 

•  3 light neutrinos with TeV scale LNV 
•  > 3 light neutrinos  
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This talk 



Questions 
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•  If TeV scale “non-standard” LNV physics 
contributes to 0νββ decay, what is the 
interplay with cosmology and collider physics? 

•  Leptogenesis 
•  Σ mν
•  LHC & Beyond 

 
•  How do we reliably compute TeV scale 

contributions to to 0νββ decay ? 



Outline 
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I.  LNV & Leptogenesis: Context 

II.  TeV Scale LNV: Leptogenesis-
Colliders-0νββ Decay 

 
•  Interlude: EFT for 0νββ Decay 

 
III. TeV Scale LNV: 0νββ Decay & Σ mν 

Time permitting 



I. LNV & Leptogenesis: Context 
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The “Standard” Picture: High-Scale LNV 
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0νββ-Decay: “Poster Child” Mechanism
Three active light neutrinos 
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Lightest neutrino mass (eV) ! 

Heavy Majorana NR 



Neutrinos and the Origin of Matter 
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m2 ⇡MN (37)

�(N ! `H) 6= �(N ! ¯̀H⇤) (38)

4

•   Heavy neutrinos decay out of equilibrium 
in early universe 

•   Majorana neutrinos can decay to particles 
and antiparticles 

•   Rates can be slightly different (CP violation) 

•   Resulting excess of leptons over anti-leptons 
partially converted into excess of quarks over 
anti-quarks by Standard Model sphalerons 
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II. TeV Scale LNV: Leptogenesis-
Colliders-0νββ Decay 
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•  T. Peng, MJRM, P. Winslow 1508.04444  
 
•  J. Harz, MJRM, S. Shen, S. Urrutia-Quiroga 
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Implications 
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•  Leptogenesis 

•  Collider Searches 

•  Nuclear Physics 
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Fast ΔL = 2 int: erase L Deppisch et 
al ‘14, ‘15 

Our work: concrete model 
realizations to link cosmological 
effects with experiment 

LNV 



Boltzmann: NR & B-L 
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Basic equations: decays & inverse decays 
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Basic equations: decays & inverse decays 

Decay Scattering 
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Basic equations: decays & inverse decays 

CPV Decay 
Asymmetry: source Wash out: Inverse decays, ΔL = 1, 2 

processes…  
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Washout processes 

NR 

H * H  

 l  l 
_ 

ΔL = 2

Converts leptons into anti-leptons 
L - L 

_ 



Neutrinos and the Origin of Matter 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Washout processes 

A * A  

 l  l 
_ 

ΔL = 2

Converts leptons into anti-leptons 
L - L 

_ 

TeV Scale LNV 
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Simplified Models: Illustrative Case 

S:   (1, 2, ½) 
F:   (1, 0, 0)   Majorana 

Similar ingredients as in scotogenic neutrino 
mass models (but no Z2 symmetry) 



Leptogenesis: Washout Processes 
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Thanks! S. Urrutia-Quiroga 

_ 
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Neutrinos and the Origin of Matter 
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•   Heavy neutrinos decay out of equilibrium 
in early universe 

Washout processes 
Example: weak washout, mN = 1010 TeV, 
MF = 1 TeV, MS = 0.8 TeV 

Thanks! S. Urrutia-Quiroga 

Preliminary 
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YB-L washed out 

Preliminary YB-L survives 
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Electroweak, resonant lepto, 
WIMPY baryo, ARS lepto… 

Post-sphaleron, cold… 

Baryogenesis alternatives 
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Fast ΔL = 2 int: erase L Deppisch et 
al ‘14, ‘15 



Implications 
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•  Leptogenesis 

•  Collider Searches 

•  Nuclear Physics 
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TeV Scale LNV: 0νββ-Decay & Colliders 
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+

and F
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to match onto 0nbb operators.

Collider Simulation

All cross sections are in fb, based on 50,000 events, and represent results after showering, detector simulation, and matching.
The individual coupling constants are chosen by fixing all NP masses to 1 TeV and then imposing 0nbb bounds, giving c1 = c2 =
0.202. Charge-flip and Jet-fake cross sections must be manipulated at the analysis level in order to apply relevant probabilities.
For charge-flip cross sections, charge-flip probabilities are applied as a function of h and loose cuts are used. For jet-fake cross
sections, the following formula is used:

sJF before cuts = sJF,MG+Pythia+PGS ⇥ (1/500⇥1/2)# of jet-fakes ⇥
✓

# of jets
# of jet-fakes

◆
.

1/500 is the loose jet-fake probability, the factor of 1/2 is necessary because the jet fakes both electrons and positrons with
equal probability, and the combinatoric factor accounts for the ambiguity in choosing which jet in a given sample fakes the
electron. The following table represents the cut-flow associated with optimizing the signal relative to the background.

Signal Backgrounds
Diboson Charge Flip Jet Fake

W�W�+jets W�Z+jets ZZ+jets Z/g⇤+jets tt tt t+jets W
�+jets

s(fb) before cuts 0.443 0.541 6.710 0.627 947.000 90.470 89.320 4.530 153.100
Njet � 2, Ne� � 2, Nb = 0 0.283 0.359 4.660 0.433 657.000 29.600 31.200 2.240 119.600

/ET < 40 GeV 0.266 0.104 2.100 0.405 653.000 7.050 11.300 0.828 61.600
Z-veto (80  MZ  100) GeV 0.251 0.096 1.640 0.312 101.500 6.030 10.100 0.716 56.000

mt > 400 GeV 0.205 0.030 0.458 0.070 7.530 0.590 0.880 0.036 7.500
HT (jets)> 550 GeV 0.170 0 0.093 0.015 1.120 0.072 0.030 0 1.200

(850  HT (all)  1300) GeV 0.112 0 0.060 0 0.130 0.027 0.110 0 0.413

TABLE I: Cut-flow table.

Applying these results, we can calculate a signal-to-background ratio as a function of luminosity, defined by

S/
p

B =
sSignalpsBG

p
L .

From this we can understand the relationship between the potential for discovery of LNV at 0nbb decay experiments and the
LHC. Given that the model predicts 0nbb decays just beyond current bounds, the required luminosity for concurrent discovery
at the LHC through same-sign lepton signatures can be read off of FIG. 3. Eventually, we’ll want to parametrize this result
somehow so that it can expressed as a function of the model parameters.

[1] G. Prezeau, M. Ramsey-Musolf and P. Vogel, Phys. Rev. D 68, 034016 (2003) [hep-ph/0303205].
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TeV Scale LNV 

Can it be discovered 
with combination of  
0νββ & LHC searches ?  

31 

Simplified models 



Interlude: 0ν ββ - decay in EFT 
Operator classification 
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 e.g. 

0ν ββ - decay: a = b = + 

32 

Prezeau, MJRM, Vogel 
PRD 68 (2003) 034016 

Chiral sym: map Oj  onto  L ( π  , N ) 



Interlude: 0ν ββ - decay in EFT 

€ 

N

€ 

N
€ 

π

€ 

π
€ 

e−

€ 

e−

€ 

N

€ 

N
€ 

π
€ 

e−

€ 

e−

€ 

N

€ 

N

€ 

e−

€ 

e−

Tractable nuclear operators 

Systematic operator classification 
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Prezeau, MJRM, Vogel 
PRD 68 (2003) 034016 
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Interlude: 0ν ββ - decay in EFT 
Operator classification 
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•  Prezeau, MJRM, Vogel PRD 68 (2003) 034016 [hep-ph/0303205] 
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•  Cirigliano et al, 1806.02780 
•  … 
•  A. Nicholson et al, 1805.02634 
•  … 

Chiral sym: map Oj  onto  L ( π  , N ) 

EF
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LQCD 



0νββ-Decay: TeV Scale LNV  

Low energy: 

Dirac Majorana 

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
H̃H̃

T
L + h.c. (31)

3

O5 =
��H

⇤
�̄� H

†
H (25)

M⌃± �M⌃0 ⇠
↵

4⇡
MW (26)

L =
g

2
hij

⇥
L̄

Ci"�LL
j
⇤
+ (L$ R) + h.c. (27)

����
�Q

e

W

Q
e

W

���� = 0.14
|hee|

2

(M�/1 TeV)2 (28)

|Vud|
2 + |Vus|

2 = |Vud|
2


1 +

|Vus|
2

|Vud|
2

�
(29)

Lmass = yL̄H̃⌫R + h.c. (30)

Lmass =
y

⇤
L̄

c
HH

T
L + h.c. (31)

�(⌫R ! `H) 6= �(⌫R !
¯̀H⇤) (32)

m⌫ =
m

2
D

MR

(33)

3

Nuclear Matrix Elements: Long Range Effects 

Exploit Chiral Symmetry & EFT ideas 
36 

Prezeau, R-M, Vogel ‘03 * 

This model: LO + 
counterterm  

TeV 
LNV 
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0νββ-Decay: Our Earlier Study 
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0νββ-Decay: TeV Scale LNV & mν   
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Implications for mν : 

38 

Signal  

 mν  (light) 

Ton Scale 

A hypothetical scenario 
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LHC Update: Signal & Background 
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Results: 0νββ Decay & LHC 
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The 0νββ / Leptogen / Collider Interplay 

•  The observation of TeV scale LNV through a 
combination of 0νββ-decay and collider searches 
could preclude the viability of standard, thermal 
leptogenesis 

•  The of 0νββ-decay and collider searches provide 
complementary sensitivity (e.g., mass spectrum): 
discovery could occur in one or the other or both 

•  Significantly enhanced 0νββ-decay sensitivity 
and collider reach (100 TeV pp?) may be needed 
to reach the leptogenesis viable region 



III. TeV Scale LNV: 0νββ-Decay 
& Σ mν 
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•  G. Li, MJRM, J. C. Vasquez, 2007.NNNNN 
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Neutrino Mass & Cosmology 

Matter Power Spectrum 

K. Abazajian ACFI neutrino mass workshop 

Neutrino Free Streaming 
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Implications for 0νββ-Decay 

Three active light neutrinos 
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TeV-Scale LNV Implications ? 
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Minimal Left-Right Symmetric Model 



Minimal LR Symmetric Model 
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Thanks! Juan Carlos Vasquez 



Minimal LR Symmetric Model: 0νββ-Decay 
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Long range chiral enhancement 

Thanks! Juan Carlos Vasquez 



Minimal LR Symmetric Model: 0νββ-Decay 
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Long range chiral enhancement 

Thanks! Juan Carlos Vasquez 



Minimal LR Symmetric Model: 0νββ-Decay 
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Green: IH 
Red: NH 

Short range only: 
Tello et al, 1101.3522 

Long range: 
our work 



Minimal LR Symmetric Model: 0νββ-Decay 

50 

Short range only 

Long range 



Minimal LR Symmetric Model: 0νββ-Decay 
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Short range only 

Long range 
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V. Outlook 
•  The observation of TeV scale LNV would have 

profound implications for our understanding of 
the origin of mν & the connection to the cosmic 
baryon asymmetry 

•  There exists a rich interplay between 0νββ , 
collider searches, and mν information from 
cosmology 

•  Exciting opportunities ahead for exploring model 
realizations, related phenomenology, and 
hadronic/nuclear theory 
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Back Up Slides 
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 Lepton Number: ν Mass Term?  
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Mass scale for LNV dynamics ? 



Results: LHC Cross Section 
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Thanks! S. Urrutia Quiroga 

•  Largest σ for mS > mF 

•  Off-shell S suppression for mF > mS 



0νββ-Decay: TeV Scale LNV & mν  
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Implications for mν : 

Controls 
mν 

Schecter-Valle: non-vanishing 
Majorana mass at (multi) loop level 

Simplified model: possible 
(larger) one loop Majorana mass 
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